Four Ligularia individuals possessing morphological characters of both L. nelumbifolia and L. subspicata were discovered in Shangrila County, Yunnan Province, China. DNA sequencing showed that the specimens were hybrids of the two species and their maternal parent was L. subspicata. The chemical composition of the root extract was examined for three of them as well as L. nelumbifolia and L. subspicata collected sympatrically. Nelumol was isolated from L. nelumbifolia, and furanoeremophilanes from L. subspicata. While nelumol and furanoeremophilanes were detected in two of the hybrid samples, only furanoeremophilanes were detected in the others.
The genus Ligularia (Asteraceae) is highly diversified in the Hengduan Mountains area of China [1], providing suitable materials for the study of plant evolution. We have been studying the chemical diversity of Ligularia by combining two different approaches; analyses of chemical composition in root, and nucleotide sequences of evolutionarily neutral DNA regions. To date, we have found that there are several different modes of intraspecific diversity in Ligularia, implying that the mechanism(s) of generation of chemical diversity is complex [2] . For example, some species, such as L. pleurocaulis (Franch.) Hand.-Mazz. [3] , and L. virgaurea (Maxim.) Mattf. [4] were separated into two distinct groups, while L. dictyoneura (Franch.) Hand.-Mazz. [5] and L. kanaitzensis (Franch.) Hand.-Mazz. [6, 7] showed complex diversity. Chemical and genetic analyses of these species suggested that hybridization is one of the major pathways of evolution of Ligularia [2] , supporting reticulate evolution within and among Ligularia and related genera [8] . Some natural Ligularia hybrids have actually been found in the Hengduan Mountains area [9] .
We previously reported that L. duciformis and related species (L. nelumbifolia and L. kongkalingensis) in the Hengduan Mountains region mostly produced phenylpropenoids [10] . However, other classes of compounds, such as eremophilane-and oplopane-type sesquiterpenoids, were found in a limited number of samples. DNA sequencing strongly suggested hybridization in the plants, implying that the ability to produce sesquiterpenoids may have been brought about by introgression. However, there was no evidence showing that hybridization takes place between L. duciformis (or related species) and a plant that produces sesquiterpenoids.
In the course of our continuous field searches, we found several Ligularia individuals possessing morphological characters of both L. nelumbifolia and L. subspicata at Shangrila (Zhongdian) County, Yunnan Province of China [11] . Phylogenetic analyses of these samples indicated that some individuals were possibly F2 or a later generation, although most of them were F1 [11] . Since natural hybridization is an important pathway of evolution, as described above, we analyzed root chemicals of four putative hybrid samples. L. nelumbifolia is a dominant species at the place [11] . Chemical constituents of the species have been reported to include 4-Ogeranylsinapyl alcohol (nelumol; 1) and related phenylpropenoid derivatives [10, 12] . Although major Ligularia species in the Hengduan Mountains area produce furanoeremophilanes [2] [3] [4] [5] [6] , L. nelumbifolia and related species do not, whereas L. subspicata produces furanoeremophilanes. Subspicatin A (2), ligularol (3), furanoeremophilan-10-ol (= tetradymol; 4), and other furano-and non-furano-eremophilanes were isolated from the roots of L. subspicata collected in Yunnan and Sichuan Provinces, China [13]. To the best of our knowledge, no chemical study of a natural hybrid of Ligularia has been reported. DNA sequencing was carried out to confirm that samples A-D were hybrids of L. nelumbifolia and L. subspicata [11] . The results for the ITS1-5.8S-ITS2 region of the nuclear rRNA gene are summarized in Table 1 . As can be clearly seen, the sequences of samples A-D are basically a superposition of those of L. nelumbifolia (N1 and N2) 1 1 1 1 1 1 1 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 2 1 4 5 6 7 8 0 2 2 2 3 5 8 1 1 2 2 2 4 3 1 2 3 4 7 0 0 1 4 7 8 9 9 0 3 4 4 8 7 3 8 5 6 7 2 4 4 7 8 1 2 4 0 3 3 5 1 7 3 6 6 0 4 6 9 4 6 1 9 3 and L. subspicata (S), showing that samples A-D were very likely to be hybrids between the two species. In order to determine the maternal parent of samples A-D, sequences of rpl32-trnL and atpB-rbcL intergenic regions of the plastid genome were determined [11, 14] . The rpl32-trnL sequences of the present L. nelumbifolia and L. subspicata samples were exactly the same as determined previously (database accession JF767242 for L. nelumbifolia and JF767237 for L. subspicata) [11] . Samples A-D had the L. subspicata sequence. The atpB-rbcL sequence was A-A9, 344G for the L. nelumbifolia samples (N1 and N2) and G-A9, 409T for the L. subspicata sample (S) under our nomenclature [10, 13, 14] . The sequence was G-A9, 409T for samples A-D. Thus, the maternal parent was deduced to be L. subspicata.
For a rough examination of the composition of root chemicals in each sample, a small amount of fresh root was extracted with EtOH and compounds therein were analyzed by Ehrlich's test on TLC [15] , which has been used as a powerful method to detect furan compounds in our previous works [3-7, 13, 14] . L. subspicata (sample S) showed many Ehrlich-positive spots, showing that the sample was furanoeremophilane-producing type [13] . All hybrid samples were also Ehrlich-positive. In contrast, two L. nelumbifolia samples were negative to the test, suggesting the absence of furanoeremophilanes.
Isolation and structure determination of major constituents in each sample was carried out using air-dried roots. Each sample was extracted with EtOH at room temperature and the extract was submitted to silica gel column chromatography. From L. subspicata (sample S), three furanoeremophilanes, subspicatin A (2) [13], ligularol (3) [16] , and 6-ethoxyfuranoeremophilan-10-ol (5) [6] , were isolated. Compound 5 may be an artifact generated from the corresponding diol during EtOH extraction [6] . From the EtOH extract of L. nelumbifolia (samples N1 and N2), nelumol (1) [17] was obtained as the major component. Table 2 . It is obvious that the ability to produce furanoeremophilanes originated from the L. subspicata parent, because L. nelumbifolia at this place did not produce them, and because subspicatin A, found in hybrid samples B, C, and D, was a compound characteristic of L. subspicata. In contrast, nelumol (1), the major component of L. nelumbifolia, was detected only in samples A and B, and the compound or a related phenylpropenoid was not detected in the extracts of samples C and D. These data show that samples A and B produced root chemicals of both parents, while the samples C and D produced mainly L. subspicata components. Such chemical variety among offspring had been reported previously [19] . At any rate, the present results show that hybridization between L. nelumbifolia and an eremophilane-producing Ligularia is possible and that offspring can produce eremophilanes.
The composition of furanoeremophilanes in sample B was noteworthy; namely, tetradymol (4) was included as a major component in the sample, but was absent in the other three hybrid samples. Interestingly, tetradymol (4) was not detected in the L. subspicata sample collected sympatrically, although the compound had been isolated as a minor component of the species collected at a different place [13] . We previously proposed a hypothesis that the production of furanoeremophilanes was ecologically advantageous [2] . Among a number of furanoeremophilane-producing Ligularia plants, tetradymol-producing plants were ecologically more predominant [7] . If a furanoeremophilane-producing hybrid can backcross with L. nelumbifolia (or related species), the advantage would select furanoeremophilane-producing offspring, thereby introgressing the ability to produce furanoeremophilanes into L. nelumbifolia. AcOH/H 2 SO 4 as visualizing agents. HPLC was carried out on a Shimadzu LC-20AT pump, SPD-20A Prominence UV/VIS detector, Kanto Mightysil Si60 (10 × 250 mm) ODS column. Purification of DNA from dried leaves, amplification of the ITS1-5.8S-ITS2 and the atpB-rbcL intergenic regions by polymerase chain reaction, and DNA sequencing of the regions were carried out as described earlier [13] . Amplification and sequencing of the rpl32-trnL intergenic region was carried out with rpL32-F and trnL (UAG) primers [20] . 
Extraction and purification:
Dried roots of sample S (L. subspicata) (4.6 g) was extracted with EtOH at room temperature and the extract concentrated under reduced pressure to give an oily product (113 mg). Part of this (45.6 mg) was submitted to CC (SiO 2 3 g; eluent: n-hexane-EtOAc 20:1 to 5:1) to give subspicatin A (2) (6.1 mg, 13%) and ligularol (3) (7.3 mg, 16%). From less polar fractions, 6-ethoxyfuranoeremophilan-10-ol (5) (1.5 mg, 3.3%, R f 0.80) was isolated after further chromatography (SiO 2 1 g; eluent: n-hexane-EtOAc 100:1).
Dried root samples of N1 (L. nelumbifolia; 39.1 g) and N2 (L. nelumbifolia; 21.3 g) were extracted and the extracts concentrated as described above to give oily products (251 mg and 826 mg, respectively). Part of these (122 mg and 102 mg) were submitted to CC (SiO 2 10 g; eluent: n-hexane-EtOAc 20:1 to 5:1) to give nelumol (1) (12.1 mg, 9.9%; and 4.7 mg, 4.7%, respectively).
Dried roots of sample A (hybrid) (3.1 g) was also extracted with EtOH at room temperature and the extract concentrated under reduced pressure to give an oily product (99 mg). Isolation of chemical components was attempted using silica gel CC, but was not successful. Although TLC of the extract showed two spots (see text), isolation of the products, presumably ligularol (3) and nelumol (1), was not successful due to the paucity of the component and severe contamination by some other components.
Dried roots of sample B (hybrid) (12.6 g) was extracted with EtOH at room temperature and the extract concentrated under reduced pressure to give an oily product (257 mg). Part of this (166 mg) was submitted to CC (SiO 2 15 g; eluent: n-hexane-EtOAc 20:1 to 1:1) to give tetradymol (4) (11.4 mg, 6.9%), subspicatin A (2) (9.9 mg, 6.0%), and nelumol (1) (4.2 mg, 2.5%).
Dried root samples of C and D (hybrids) (25.5 g, 12.3 g, respectively) were separately extracted and the extracts concentrated as described above to give oily products (582 mg and 1050 mg, respectively). Part of the C extract (182 mg) was submitted to CC (SiO 2 10 g; eluent: n-hexane-EtOAc 20:1 to 10:1) to give ligularol (3) (19.4 mg, 11%) and subspicatin A (2) (5.1 mg, 2.8%). The D extract was submitted to CC (SiO 2 20 g; eluent: nhexane-EtOAc 0:1 to 1:0) to give ligularol (3) (2.0 mg, 0.2%) and subspicatin A (2) (3.3 mg, 0.3%).
